Inherent differences in the levator veli palatini (LVP) muscle of cleft palates before palatoplasty may play a role in persistent postrepair velopharyngeal insufficiency (VPI). Contractile properties of LVP muscle fibers were analyzed from young (2month) normal (YNP), young congenitally cleft (YCP) and again on the same YCP subjects 6 months after palatoplasty, mature repaired palate (MRP). The cross-sectional area and rate of force development (k tr ) were measured. Specific force (sF 0 ) and normalized power (nP max ) were calculated. Using k tr to determine fiber type composition, YNP was 44% type 1 and 56% type 2, while YCP was 100% type 2. Two MRP subjects shifted to 100% type 1; 1 demonstrated increased resistance to fatigue. No differences in sF 0 were observed. nP max increased with presence of type 2 fibers. The persistent state of type 2 fibers following palatoplasty leads to increased fatigue in the LVP of MRP subjects and may cause VPI symptoms.
A pproximately 6800 children in the United States are born with orofacial clefts each year, making it the most prevalent birth defect in the United States. Residual velopharyngeal insufficiency (VPI) following palatoplasty remains a problem for 15%-25% of these patients and requires secondary surgery to correct. [1] [2] [3] [4] [5] The reasons for this high incidence of VPI are not well understood. Some attribute the development of VPI to surgical technique and therefore seek new procedures to improve surgical outcomes. However, evidence suggests that inherent differences exist in the levator veli palatini muscle (LVP) of some cleft palate patients that make them susceptible to VPI following cleft repair.
While palatoplasty techniques have improved in recent years, VPI remains a common problem regardless of the surgical technique. Several studies have found no difference in speech outcomes both among procedures and surgeons. 2,6 -9 Several studies have found improved speech outcomes using new techniques, yet in all cases described some level of residual speech impairment remains in a subpopulation of these patients. For example, Henkel et al 10 reported improved speech outcomes using the wave-line technique compared with the intravelar veloplasty. However, this study had a small number of subjects, and significant speech deficiencies were still found in the wave-line technique. Additionally, Gunther et al 11 compared the Furlow double reversing Z-plasty to the intravelar veloplasty and reported improved speech results with the Furlow technique. However, the difference was not statistically significant, and the authors emphasized the need for further investigation. Therefore, the high incidence of VPI in a subpopulation of patients points to an alternate explanation: the presence of an inherent difference in the palatal musculature prior to surgical intervention affects its ability to attain full function following surgical repair.
Several studies have identified characteristics of the cleft palate musculature that may explain the variability in palatoplasty outcomes. Lindman et al 12 observed a variation in fiber size with an overall smaller mean fiber diameter, an increase in the proportion of type 2 (fast) fibers and an increase in the amount of fast myosin heavy chain composition in the LVP muscles from infant cleft palates compared with those of normal adults. Cohen et al 13 observed disorganization in fiber orientation in LVP muscles of cleft palates. Schendel et al 14 found that isolated human cleft palate muscle contained a mixture of type 1 (slow) and type 2 fiber. Weinzweig et al 15 observed degeneration of myofibrils and Z-bands in the goat congenital cleft palate model, which was the animal model for this study.
Previous studies in our laboratory found that LVP muscle fibers in mature normal goat palates (MNP) were exclusively type 1 and those from the mature congenital-cleft palate goat model (MCP) were predominantly type 2. In addition, these type 2 muscle fibers from the MCP were more prone to lengthening-induced injuries and had less resistance to fatigue than the type 1 fibers of the normal goat palates. 16, 17 These studies report a significant difference between the fiber type composition of the LVP of the MNP and MCP groups. Therefore, the increased percentage of type 2 muscle fibers in the cleft palate LVP make the muscle more fatigable and may indicate an etiology of VPI symptoms.
Force measurements on permeabilized muscle fibers have been shown to represent whole muscle contractile properties. Therefore, this technique allowed us to evaluate the functional properties of the LVP muscle without compromising the muscle.
Therefore, the present study used single permeabilized muscle fibers to study the effects of palatoplasty on the contractile properties of the LVP. The rate of maximum isometric force production, specific force (sF 0 ), normalized maximum power (nP max ), and fatigability in response to a series of isometric contractions was measured. Understanding the effect of cleft repair on palatal musculature may help reveal susceptibility or other problems associated with VPI, which may produce effective solutions.
METHODS AND MATERIALS

Congenital Cleft Palate Model
This study used animals from 3 groups of the congenital cleft palate goat model developed by Weinzweig et al: young, 2-month-old goats with normal palates (YNP); young, 2-month-old congenitally cleft goats prior to palatoplasty (YCP); and the same congenitally cleft goats 6 months following palatoplasty (MRP). 18 These data were also compared with previously described data collected in our laboratory on mature goats with normal palates (MNP) and cleft palates (MCP). 17 Cleft palates were induced, as previously described, by gavaging pregnant Spanish goats with a Nicotiana glauca plant slurry, containing anabasine, a natural teratogen, twice daily from days 32 to 41 of gestation (term ϭ 145 days). [17] [18] [19] In the cleft palate groups, small LVP muscle biopsies were obtained during the cleft repair procedure, and again 6 months following repair. A modified von Langenbeck technique, utilizing lateral relaxing incisions to produce a tension-free midline closure, was used to repair the palates. 20
LVP Muscle Bundle Harvest and Preparation of Single Permeabilized Fibers
LVP muscle biopsies were harvested, processed, and single permeabilized fibers were extracted as previously described from the postero-medial aspect of the soft palate. 17
Single Fiber Contractile Properties
Each single fiber was then transferred to a 15°C chamber and contractile properties were determined as previously described. 17 Briefly, one end of the fiber was secured to a force transducer and the other end was secured to the lever arm of a servomotor. Sarcomere length was set at 2.5 m, fiber length (L o ) was measured using a calibrated micrometer, and fiber diameters were estimated at L o using high-magni-fication digital images obtained from top and side views of the fiber. 17 Each fiber was then transferred to a chamber containing a low-͓Ca 2ϩ ͔ preactivation solution (pH 7.1). Passive tension was measured, and then each fiber was moved into a chamber containing activation solution. The fiber was allowed to contract until it reached its maximum tetanic isometric force production. Each fiber was then returned to relaxation solution and stretched to L 0 ϩ 10%. It was then reactivated and cycled through a series of 16 shortening ramps at decreasing velocities. The size of the step ranged from 3%-5% of L o . The velocity of each ramp was plotted versus the force (F 0 ) regenerated during each shortening ramp. The peak of the curve was recorded as the maximum power generating capacity (P max ). P max was then divided by the fiber volume (L 0 ϫ CSA) to obtain nP max . Fiber fatigue during a 10-minute isometric contraction was determined using a Brenner cycle to ensure the fatigue was not caused by the inability for permeabilized fibers to keep their sarcomeres aligned after prolonged activation. 21 The percentage of force maintained by each fiber at the end of the protocol was calculated and used as a measure of fatigability. Lower percentages represent greater fatigability.
Determination of Fiber Type
Fiber type was assigned to each fiber by determining their rate constants of tension redevelopment (k tr ) following 1 cycle of activation. The k tr can be used as an indirect measure of fiber type 17, 22 because the k tr is indicative of the kinetics of attachment and detachment reactions of cross-bridges. 23 
Statistics
Values are presented as means Ϯ standard error (SE). Statistical analysis was performed by using Jump In 5.1 (SAS Institute Inc, Cary, NC). A 1-way analysis of variance (ANOVA) was conducted to compare the differences between normal and cleft palate LVP muscle when the variance was not evenly distributed; the nonparametric Mann-Whitney analysis was conducted. Differences were considered significant at P Ͻ 0.05.
RESULTS
Fiber Type
The percentage of type 1 and type 2 fibers from the LVP muscle of YCP (n ϭ 28 fibers), YNP (n ϭ 18 fibers), MNP (n ϭ 22 fibers), MCP (n ϭ 21 fibers), and MRP (n ϭ 30 fibers) subjects is presented in Figure 1 . Data for the MRP group were separated by subject to properly represent the findings because variations in fiber type composition were found among subjects in this group. Fiber-type composition was measured as a percentage of type 1 and type 2 muscle fibers within a random sampling of muscle fibers extracted from each LVP sample. Sixty-five percent of the muscle fibers from the YNP group were type 2 fibers, and the remaining 35% were type 1 fibers. In contrast, the muscle fibers from the YCP group were 100% type 2. The muscle fibers obtained from 2 of the MRP subjects were 100% type 1, and those from the third MRP subject remained 100% type 2. Cross-Sectional Area. The only significant difference in muscle fiber CSA between groups was due to the age of the subjects (P ϭ 0.0001; Fig. 2 ). Average CSA increased with age of the subject. The CSAs of permeabilized muscle fibers were as follows: YNP (1286 Ϯ 85 m 2 ), YCP (1031 Ϯ 77 m 2 ), and MRP (1780 Ϯ 74 m 2 ). All of the values for CSA are 20%-50% larger than the values for intact fibers since permeabilized fibers become swollen due to their storage in the glycerol solution. 24, 25 Contractile Properties. YNP muscle fibers produced significantly less sF 0 (87 Ϯ 3 kN/m 2 ) than YCP (107 Ϯ 3 kN/m 2 ) and MRP (104 Ϯ 3 kN/m 2 ) fibers (P Ͻ 0.0001; P ϭ 0.0002; Fig. 3 ). No differences in sF 0 were found between MRP and YCP (P ϭ 0.4746). The average nP max of YNP (4.7 Ϯ 0.8 W/l) and MRP (3.85 Ϯ 1.0 W/l) was significantly less than that of YCP (7.9 Ϯ 0.5 W/l; P ϭ 0.0001). The average nP max of type 1 muscle fibers from YNP (2.3 Ϯ 0.2 W/l) was significantly greater than that of type 1 muscle fibers from MRP (1.3 Ϯ 0.1 W/l; P ϭ 0.0008). Type 2 muscle fibers had greater nP max values than type 1 muscle fibers within and between all groups ( Fig. 4 ; P ϭ 0.0001). One out of the 3 MRP subjects was (96 Ϯ 4%) more resistant to fatigue than the other 2 MRP subjects (86 Ϯ 3%; 86 Ϯ 2%; P ϭ 0.0078) and also when compared with the MCP group (80 Ϯ 2%; P Ͻ 0.0001; Fig. 5 ). This MRP subject's resistance to fatigue was significantly greater than that of the YCP group (88 Ϯ 3%; P ϭ 0.0433) and equivalent to that of the MNP group (94.5 Ϯ 0.8%). The YCP subject that corresponds to the MRP subject with an increased ability to resist fatigue also shows a slight, yet not significant, increase in its ability to resist fatigue compared with the other 2 YCP subjects (P ϭ 0.1426; P ϭ 0.7646; Fig. 6 ).
DISCUSSION
The present study examined the contractile properties of single permeabilized muscle fibers obtained from the LVP muscle of 2-month-old congenitally cleft goat palates, agematched goats with normal palates, and the congenitally cleft goats 6 months following cleft repair. A previous study in our FIGURE 1. The percentage of type 1 and type 2 muscle fibers within a random sampling of muscle fibers from each LVP sample was ascertained by determining the rate constants of tension redevelopment (k tr ) following 1 cycle of activation. The MRP group was separated out by subject to properly represent our findings. YNP consisted of 44% Ϯ 3.3% type 1 muscle fibers and 56% Ϯ 3.3% type 2 muscle fibers. YCP had 100% type 2 muscle fibers. MNP had 100% type 1 muscle fibers. MCP consisted of 14% Ϯ 2.9% type 1 and 86% Ϯ 2.9% type 2 muscle fibers. MRP 1 and MRP 3 had 100% type 1 muscle fibers, while MRP 2 had 100% type 2 muscle fibers. laboratory found the LVP from the MNP group had predominantly type 1, slow, fatigue-resistant muscle fibers, and that from the MCP group had predominantly type 2, highly fatigable muscle fibers. 17 Therefore, the finding of 65% type 2 muscle fibers in the YNP group and 100% type 2 in the YCP group suggests that as both groups mature, a percentage of the type 2 LVP muscle fibers experiences a fiber type shift to type 1. Previous studies have shown postdevelopmental shifts in fiber type from slow to fast in response to a lack of tension development or in response to varied loads applied to the muscle. 26, 27 As LVP matures, the muscles experience increased tension for extended periods of time. Type 1 muscle fibers are less resistant to fatigue and therefore are better suited for this type of tension development. 28 Therefore, the developmental fast to slow fiber type shift of the LVP in normal palates occurs to provide the most efficient fiber type (type 1) for the muscle's proper function. Two thirds of our cleft palate subjects were able to undergo this fiber type shift 6 months following palatoplasty. Many possible explanations exist for the third subject's inability to undergo what seems to be a developmental fiber type shift. Lack of innervation from the greater palatine nerve could be the cause for the predominance of type 2 muscle fibers in the MCP subjects. This theory agrees with other studies, which have shown that during normal muscle development, a muscle fiber begins as a type 2 fiber and either remains type 2 or shifts to a type 1 fiber following complete innervation. 29 Subsequent studies are under way to determine the level of innervation from the greater palatine nerve in each subject. Improper realignment of the LVP could inhibit proper tension development and subsequently fiber type shifting. In addition, hyperlengthening of the muscle during surgery poses a greater risk of injury in type 2 muscle fibers during surgery or following surgery once the subjects begin using the LVP. 16 Hyperlengthening of the muscle could be due to a wider cleft, among other variables.
Our data are also consistent with studies in humans that have shown an increase in type 2 fibers in LVP of cleft palates compared with normal palates. 12, 14 Lindman et al 12 FIGURE 4. Normalize maximum power (nP max ) of muscle fibers from YNP and YCP and MRP. The average nP max of the YCP group (7.9 Ϯ 0.5 W/l) was greater than that of the YNP and MRP groups (5.1 Ϯ 0.7 W/l; 3.85 Ϯ 1.9 W/l; P ϭ 0.0001). The average nP max of type 1 muscle fibers from YNP (2.3 Ϯ 0.2 W/l) was significantly greater than that of type 1 muscle fibers from MRP (1.3 Ϯ 0.1 W/l; P ϭ 0.0008). Type 2 muscle fibers had greater nP max values than type 1 muscle fibers within and between all groups ( Fig. 4 ; P ϭ 0.0001). Each black bar represents the average for the corresponding group. Slow and fast fibers are indicated with E and f, respectively.
FIGURE 5.
Isometric fatigue of muscle fibers from mature normal, mature congenital-cleft palates, and mature repaired palates. MRP 1 showed an increased ability to resist fatigue (96% Ϯ 4%) compared with the other 2 MRP subjects (86% Ϯ 3%; 86% Ϯ 2%; P ϭ 0.0078) and the MCP group (80% Ϯ 2%; P Ͻ 0.0001). Each black bar represents the average for the corresponding group or subject. Slow and fast fibers are indicated with E and f, respectively. FIGURE 6. Isometric fatigue of muscle fibers from cleft palates prior to and following repair in the same subjects. Example, MRP 1 ϭ YCP 1 following repair. YCP 1 had a slightly greater, yet not statistically significant (P ϭ 0.1426; P ϭ 0.7646), resistance to fatigue compared with the other 2 YCP subjects. MRP 1 was observed to increase its ability to resist fatigue slightly more, yet not statistically significantly more, than any other subject following palatoplasty compared with the other 2 subjects that underwent palatoplasty. Slow and fast fibers are indicated with E and f, respectively. 30 found that differences between the contractile properties of single permeabilized muscle fibers and whole muscle were due to variations in the CSA of each subject's whole muscle. Therefore, this technique allowed us to evaluate the functional properties of the LVP muscle without compromising the muscle. Ideally, this technique could be applied in humans as a preoperative test to determine a patient's susceptibility to postoperative VPI.
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Significant differences in sF 0 and nP max production among muscle fibers in this study were primarily due to differences in fiber type. sF 0 tends to be reduced in slow muscle fibers, which constituted 100% of the muscle fiber type composition of the YNP group. The nP max of type 2 muscle fibers from all subjects was significantly greater than that of the type 1 fibers. This is consistent with Widrick et al, 31 who observed type 2 fibers producing 5 to 10 times more normalized power than type 1 fibers. The only difference found between groups when comparing equivalent fiber types was between the average nP max of type 1 muscle fibers from YNP (2.3 Ϯ 0.2 W/l), which was significantly greater, and MRP (1.3 Ϯ 0.1 W/l; P ϭ 0.0008). This may indicate continued decrease in function even in those LVP muscle fibers that convert to their proper fiber type following palatoplasty. When combining fiber types and comparing nP max values, those groups with the most type 2 fibers had the greatest average nP max . While this may seem beneficial, this functional characteristic is due to the increased percentage of type 2 muscle fibers. The type 2 muscle fibers, although more powerful, fatigue much more rapidly than type 1 muscle fibers. Therefore, in terms of their utilization in the soft palate, the type 2, highly fatigable muscle fibers are detrimental.
Each group's or subject's ability to resist fatigue nearly always correlated with their muscle fiber type composition. Those subjects or groups with a higher percentage of type 2 muscle fibers tended to have a decreased ability to resist fatigue. However, subject MRP 2 , which had 100% type 2 muscle fibers, was observed to have an ability to resist fatigue comparable to that of other subjects or groups with a high percentage of type 2 muscle fibers. MRP 1 's ability to resist fatigue was equivalent to that of the MNP group (95%). This suggests that following palatoplasty, this subject was able to undergo a complete type 2 to 1 fiber type shift that allowed the muscle to function like a normal LVP. This was also evident in the decreased nP max observed in the type 1 MRP muscle fibers compared with the type 1 YNP muscle fibers. This suggests that an additional intrinsic factor in MRP 2 's LVP muscle existed that caused the muscle to fatigue quickly, such as a defect in the cross-bridge cycling or sarcomere alignment. In addition, it is interesting to note that YCP 1 , the subject that corresponds to MCP 1 at 2 months of age and prior to palatoplasty, showed a slight increase in its ability to resist fatigue compared with the other 2 YCP subjects (Fig. 6 ). The MCP 1 subject also had the largest increase in its ability to resist fatigue following repair, when each MCP subject was compared with the respective YCP subject. This suggests that the fatigue properties of LVP muscle prior to palatoplasty indicate the subject's chances and level of improvement following cleft repair. With this in mind, special precautions can be taken or procedures performed on cleft palate patients whose LVP single permeabilized muscle fibers, prior to surgery, show a similar resistance to fatigue compared with those of previously documented cleft palate patients who suffered from postoperative VPI.
Palatoplasty allows the LVP muscle of a segment of the cleft palate population to develop normally and complete the developmental type 2 to type 1 fiber-type shift. Subsequent studies are needed to establish the presence of VPI, or a similar level of resonance insufficiency, in the congenital cleft palate model. In addition, a method to identify those LVP muscles that are likely to remain underdeveloped or a technique to ensure that their natural course of development is allowed to occur needs to be designed to diminish the incidence of postsurgical VPI.
